Abstract: A third-order nonlinear optical (NLO)-active initiator (NA3PH) was synthesized to prepare a NLO-active polystyrene (NA3PH-PSt) via atom transfer radical polymerization (ATRP). The polymerization initiated by NA3PH was studied and the third-order NLO properties of the obtained NA3PH-PSt were investigated by Z-scan technique in comparison with NA3PH. Results show that the endfunctionalized polystyrene possesses third-order nonlinear optical susceptibilities (10 -11 esu) close to NA3PH. In addition, NA3PH-PSt has good thermal stability and solubility, which holds potential for further application in NLO devices.
Introduction
There is increasing interest in the third-order nonlinear optical (NLO) materials in the past decades for their promising applications in many technologies such as optical data storage, optical limiting for sensor protection, photonic switching, optical signal processing and optical computing [1] [2] [3] [4] [5] . Polymeric NLO materials and organic NLO materials have distinct advantages over the inorganic compounds due to their great NLO susceptibilities, rapid response speed, low cocurrent dielectric constant and high chemical stability. In addition, in comparison with organic molecules, polymeric materials exhibit better processability and more excellent flexibility in fabrication for the inter-chain connection by covalent bonds.
The highly delocalized π-electron in the molecule of 1,8-naphthalimide make it to be a great candidate for third-order NLO materials [6] . However, this kind of organic material is mostly insoluble in common solvents, and thus requires more elaborate and more expensive fabrication process, such as vacuum evaporation and deposition that are commonly used in the fabrication of inorganic materials. So it is worthwhile to synthesize soluble polymeric 1,8-naphthalimide materials for commercial exploitation.
As one of controlled/living polymerization techniques, atom transfer radical polymerization (ATRP) is a versatile tool to prepare functional polymers with welldefined structure and controlled molecular weight [7] [8] [9] . Especially, many kinds of functionalized initiators are synthesized and utilized to initiate well-soluble monomers (such as methyl methacrylate and styrene) to obtain functional polymers. In our previous work, we have synthesized a series of fluorescent polymers using the synthetic new initiators which have good fluorescence [10] [11] [12] [13] .
In this paper, we synthesized a 1,8-naphthalimide derivative named 6-(4-((2-(1,3-dioxo-2-(4-propoxyphenyl)-2,3-dihydro-1H-benzo[de]isoquinolin-6-yl)hydrazono) methyl) phenoxy)hexyl 2-bromo-2-methylpropanoate (NA3PH) as initiator for ATRP of styrene (Scheme 1). The nonlinear optical properties and thermal stability of NA3PH and the resultant polymers were investigated, and the relationship between the structure and properties are discussed. Scheme 1. Synthetic route for initiator NA3PH and NA3PH-PSt.
Results and discussion

Atom transfer radical polymerization of styrene
The polymerization was carried out using NA3PH/CuCl/PMDETA as initiating system, styrene as monomer and cyclohexanone as solvent. The 1 H-NMR of NA3PH and NA3PH-PSt are described in Figure 1 and Figure 2 . . Such behaviour indicates that there is a constant concentration of active species in the polymerization and first-order kinetics with respect to monomer. However, due to the complicated structure of the initiator, there is an induction period (about 1 h) during the polymerization process and the activity of the initiator NA3PH is not very satisfactory, which costs more than 20 h until the molecular weight of the polymer reaches 26000, and the polydispersity (PDI) is relatively high (>1.5). 
UV-Vis spectra
The linear optical properties of NA3PH and resulting polymers were studied by UVVis absorption in DMF solution. In Fig. 4 , a peak at the wavelength of about 465 nm is observed, which is due to the intramolecular charge transfer in 1,8-naphthalimide.
The absorption spectra of NA3PH-PSt with different molecular weight gave similar characteristic peaks. Moreover, with the increase of the molecular weight of the polymer, the absorption peak at 465 nm weakened. 
Nonlinear optical (NLO) properties
The NLO properties of NA3PH and the resulting polymers were measured by Z-scan techniques. It can be seen in Fig. 5 that NA3PH and polymers all have strong reverse saturated absorption (RSA) while its nonlinear refraction are very weak (not shown). Thus, the large third-order nonlinear optical susceptibilities (χ (3) ) of NA3PH and polymers should be attributed to the contribution of strong nonlinear absorption coefficients of the molecules. The origin of the high nonlinear susceptibilities can be attributed to both the highly delocalized conjugated system caused by the D-π -A structure and the hydrazone structure in the molecules. As can be seen in Fig. 6 , a typical hydrazone functionality consists of a secondary amino nitrogen atom bearing three single σ bonds, with a lone pair of electrons, conjugated with the π electron system of the adjacent sp functionality. This arrangement results in a configuration that yields a planar trigonal amino nitrogen, which makes the hydrazone backbone into an asymmetric transmitter, with charge transfer occurring between the electron-donating and electron-withdrawing groups by cross-conjugation through the central planar amino nitrogen [16] .
Thermal property of the polymers
Polymer NA3PH-PSt with different molecular weight all exhibited good thermal stability, as shown in Fig. 7 . For example, if the temperature at weight loss 5% was defined as the decomposition temperature (T d ), the polymer decomposed at a temperature as high as 360 0 C which is 110 0 C higher than that of initiator. The enhanced thermal stability of the polymers may be due to the "jacket effect" of the aromatic pendants, the backbone of the polymers may be surrounded by a rigid "jacket" formed by the benzene rings, shielding the polymer main chains from the thermal attack. 
Conclusions
In this paper, we prepared a new kind of polystyrene containing 1,8-naphthalimide chromosphere with atom transfer radical polymerization of styrene. Both the initiator and the end-functionalized polymers exhibit large third-order NLO susceptibilities. The investigation of third-order NLO shows that large nonlinear susceptibility of the NA3PH and NA3PH-PSt mainly originated from highly delocalized π-electron in the molecules. Moreover, the polymers have greater thermal stability and solubility than the initiator NA3PH. Therefore, the advantages of this method make it very promising in the application of NLO materials.
Experimental part
Materials
4-Bromide-1,8-naphthalic anhydride (97%) was bought from Liaoning Liangang Dyes
Chemical Co. Ltd, China. 1-Chloro-6-hydroxyhexane (99%) were bought from Shandong Zouping Mingxing Chemical Co. Ltd. 4-Hydroxybenzaldehyde (99%) and all the solvents were received from Sinopharm Chemical Reagent Co. Ltd, China. Styrene (CP, Shanghai Chemical Reagent Co. Ltd) was purified by extracting with 5% sodium hydroxide aqueous solution, followed by washing with deionized water and drying with magnesium sulphate anhydrous overnight, and finally distilled in vacuum.
Synthesis of initiator
-Synthesis of 4-propoxyaniline (1a)
4-propoxyaniline was synthesized according to literature. 
Compound 1b (4.1 g, 10 mmol) and 1.5 mL 85% hydrazine hydrated in 30 mL methoxyl ethanol were heated under reflux for 3 h. After cooling to roomtemperature, the precipitated solids were filtered, washed with ethanol and chloroform, then re-crystallized from toluene and dried in vacuum to give a yellow powdery product: -Synthesis of 4-(6-hydroxyhexyloxy)benzaldehyde (2a) 4-Hydroxybenzaldehyde (12.2 g, 0.1mol), 1-chloro-6-hydroxyhexane (16.3 g, 0.12 mol) and sodium hydroxide (4.0 g, 0.1 mol) were mixed in 100 mL water and refluxed overnight. Then 100 mL ethyl acetate was added to the mixture. The organic layer was extracted and washed with sodium hydroxide solution, dried and distilled in vacuum to give brown liquid: 4-(6-hydroxyhexyl oxy) benzaldehyde (18.2 g, 81.6%). -Synthesis of 6-(4-formylphenoxy)hexyl 2-bromo-2-methylpropanoate (2b)
Compound 2a (2.22g, 0.01mol) and triethylamine (1g, 0.01mol) were stirred in 100 mL tetrahydrofuran (THF) at room temperature, 2-bromo-2-methylpropanoyl bromide (2.3g, 0.01mol) were added into the mixture drop wise in 30 min. The mixture were stirred overnight and then the salts were removed by filtration, the THF were removed in vacuum. The crude product was dissolved in ethyl acetate and washed with hydrochloric acid aqueous solution and deionized water, dried with magnesium sulfate anhydrous overnight, and distilled in vacuum. Finally the product was purified by silica column using ethyl acetate/petroleum ether as eluent to give the brown liquid (2.9g, 68.0%). -Synthesis of 6-(4- ((2-(1, 3-dioxo-2-(4-propoxyphenyl) 
Compound 1c (3.61g, 0.01mol) and compound 2b (3.7g, 0.01mol) were refluxed in glacial acetic acid for 12 h. After cooling to room-temperature, the precipitated red solids were filtered, dried and purified by silica column using chloroform/ethyl acetate (5/1) as eluent to give the product (3.90g, 53.2%). 
Polymerization
All ATRP reactions were carried out following the similar experimental procedure. CuCl, PMDETA, cyclohexanone, initiator and styrene were mixed in a three-neck round-bottom flask. Then the flask was sealed and cycled between vacuum and N 2 for four times. The polymerization was processed at pre-determined temperature under N 2 . Samples were taken out by a syringe at different time intervals and diluted with tetrahydrofuran (THF). The diluted solution was passed through an alumina column to remove the copper catalyst, and the filtrate was precipitated by addition of methanol. The precipitation was filtered and dried under vacuum.
Characterization
Conversions for monomer were determined by gravimetry. 1 H-NMR spectra were measured by INOVA 400 MHz NMR spectrometer; tetramethylsilane was used (TMS) as the internal standard at ambient temperature. Molecular weights and the PDIs relative to polystyrene were measured using Waters1515 GPC with THF as a mobile phase at a flow rate of 1 mL/min and with column temperature of 30 ºC. UV-vis spectra were recorded on a Perkin-Elmerl-17 UV-vis instrument. Thermal gravimetric (TG) analysis was conducted on a Universal V3.7A TA instrument in flowing N 2 with a heating rate of 10 °C/min. The nonlinear optical properties of samples were measured by Z-scan technique performed with a Q-swithched ns Nd:YAG laser system continuum with pulse width of 4 ns at 2 Hz repetition rate and 532 nm wavelength. The solution of the sample was contained in a 2-mm quartz cell. The relation between the normalized transmittance T (z) and z position was obtained by moving the samples along the axis.
